Abstract. Emerging evidence has indicated that microRNAs (miRNAs) are frequently dysregulated and are fundamental in the pathogenesis of hepatocellular carcinoma (HCC). However, the roles of miR-195 in HCC have not been well elucidated. In the present study, the expression of miR-195 was determined to be markedly downregulated in HCC tissues and cell lines, as compared with normal liver cells. Restoration of miR-195 expression resulted in significant inhibition of the proliferation and tumorigenicity of HCC cells in vitro and in vivo. Gene expression data and luciferase reporter assays revealed that miR-195 is able to directly inhibit the expression of astrocyte elevated gene 1 (AEG-1) through interaction with its 3' untranslated region. Consistently, an inverse correlation between miR-195 and AEG-1 expression was observed in HCC tissues. Furthermore, the overexpression of AEG-1 was able to partially attenuate the miR-195-induced inhibition of cell growth and promotion of apoptosis. Taken together, these findings indicate that miR-195 functions as a tumor suppressor by inhibiting AEG-1. This pathway may provide new insights into the potential molecular mechanisms of HCC.
Introduction
Hepatocellular carcinoma (HCC) is the second leading cause of cancer-associated mortality worldwide (1) . Population-based studies have indicated that the incidence rate continues to approximate the mortality rate, indicating that HCC accounts for the mortality of a high proportion of patients who develop it (1) . Excessive proliferation of cells is responsible for the initiation and progression of malignant tumors, including HCC (2) . Therefore, identifying molecules that suppress proliferation and enhance apoptosis may provide novel targets for HCC therapies.
MicroRNAs (miRNAs) represent a large family of endogenous, non-protein-coding RNA molecules that are able to negatively regulate gene expression at the post-transcriptional level through translational repression and/or mRNA cleavage (3) . miRNAs are involved in a variety of biological processes, including proliferation, differentiation, apoptosis and tumor metastasis, and may function as oncogenes or tumor suppressor genes by binding to the 3' untranslated region (3'-UTR) of target mRNAs (3) . Altered expression of various miRNAs, including miR-122, miR-375, miR-101 and miR-199a-3p, have been observed in cases of HCC, which indicates an involvement of miRNAs in the pathogenesis of HCC (4-7). More extensive investigations are required to elucidate the precise functions of miRNAs in hepatocarcinogenesis.
Previously, we identified a specific aberrant miRNA expression profile in HCC by comparison of miRNA expression profiles in cancerous hepatocytes and normal human hepatocytes. Among the aberrantly expressed miRNAs in HCC, miR-195 was of particular interest as its putative targets include astrocyte elevated gene 1 (AEG-1), which has been reported to serve critical roles in hepatocarcinogenesis (8) . The aim of the present study was to clarify the functional significance of miR-195 in HCC and identify cancer-associated pathways that are regulated by miR-195. The results indicate that miR-195 is pathologically downregulated in HCC, and that restoration of miR-195 expression is able to inhibit proliferation as well as initiate apoptosis of liver cancer cells by targeting AEG-1, in vitro and in vivo.
Materials and methods
Tissue specimens and cell lines. In total, 36 pairs of HCC and adjacent non-tumor liver tissues were obtained from patients who were pathologically diagnosed with HCC and underwent hepatectomy at Tongji Hospital of Tongji Medical College, Huazhong University of Science and Technology (Wuhan, China) between September 2009 and September 2012. Tissue samples were immediately snap frozen in liquid nitrogen until use. The study was approved by the local Research Ethics Committee at Tongji Hospital of Huazhong University of Science and Technology, and written informed consent was obtained from the patients. The characteristics of the included patients are described in Table I .
The cell lines used in this study included the immortalized human fetal liver cell line L02, and eight immortalized human liver cancer cell lines (HepG2, Huh7, PLC/PRF/5, SMMC-7721, SK-HEP-1, MHCC-97H, MHCC-97L and Hep 3B). All were maintained in Gibco Dulbecco's modified Eagle's medium (DMEM; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), 100 IU/ml penicillin and 100 mg/ml streptomycin, and incubated at 37˚C with 5% CO 2 .
RNA isolation. Total RNA was isolated using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol without any prior purification step. RNA concentrations were determined spectrophotometrically.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Complementary DNA (cDNA) was synthesized from 1 µg of total RNA using the First Strand cDNA Synthesis kit (Fermentas; Thermo Fisher Scientific, Inc., Pittsburgh, PA, USA). qPCR was performed in an Applied Biosystems ® 7500 Real-Time PCR System (Thermo Fisher Scientific, Inc.) using the Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's protocol. The following thermocycling conditions were used: For RT, 37˚C for 60 min and 70˚C for 5 min; and for qPCR, 50˚C for 2 min (UDG incubation), 95˚C for 2 min, and 40 cycles of 95˚C for 3 sec and 60˚C for 30 sec. β-actin was used as an internal control. The primer sequences for AEG-1 and β-actin are listed in Table II . The expression levels of miR-195 were also analyzed by RT-qPCR using a Bulge-Loop™ miRNA qRT-PCR Primer Set (Guangzhou RiboBio Co., Ltd., Guangzhou, China) and normalized to U6. The catalog numbers of the primers for miR-195 and U6 were miRQ0000461-1-2 and MQP-0202 (both from Guangzhou RiboBio Co., Ltd.). The 2 -ΔΔCq method was used for quantification (9) . All reactions were performed in triplicate.
miRNA mimics and plasmid transfection. An miR-195 mimic and its matched negative control (miR-NC) were purchased from Guangzhou RiboBio Co., Ltd. An AEG-1 expressing vector, pcDNA3.1-AEG-1 (which lacked the 3'-UTR of AEG-1) was prepared as previously described (6) . Lipofectamine 2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.) was used for cell transfections according to the manufacturer's protocol. For each transfection, 50 nM miRNA mimics or siRNA were used, unless otherwise noted.
Cell proliferation assays. Huh7 or PLC/PRF/5 cells were plated in 96-well plates at a density of 3x10 3 cells per well and transfected with 50 nM miRNA mimics. In other words, complete growth medium with 3x10 3 cells was added to each well containing miRNA mimics-Lipofectamine 2000 complexes. Cell proliferation was determined using a Cell Counting Kit-8 (CCK-8; Promoter Biological Co., Ltd., Wuhan, China) at 0, 24, 48 and 72 h according to the manufacturer's recommendations. In each treatment group, at least three wells were measured for cell viability.
Cell apoptosis assays. Huh7 or PLC/PRF/5 cells were transiently transfected with miRNA-NC or miR-195 mimics and were harvested after 48 h by trypsinization. Double staining with fluorescein isothiocyanate (FITC)-annexin V and propidium iodide (PI) was carried out using an Annexin V-FITC/PI kit (Nanjing KeyGen Biotech Co., Ltd., Nanjing, China) according to the manufacturer's instructions. Cells were analyzed by flow cytometry (FACScan; 
Analysis of clonogenicity in vitro.
For the colony formation assay, 24 h after transfection, 1x10 2 transfected Huh7 cells were plated in each well of a fresh 24-well plate and maintained in DMEM containing 10% FBS for 2 weeks. Subsequently, the formed colonies were fixed with methanol and stained with 0.1% crystal violet in 20% methanol for 10 min.
For the anchorage-independent growth assay, transfected cells were trypsinized and suspended in complete medium plus 0.3% low-melting-temperature agarose (Sigma-Aldrich; Merck Millipore, Darmstadt, Germany). The mixture of cells and agar was then seeded onto a 0.5% agar base layer with complete medium at a density of 5x10 2 cells per well in 24-well plates. After 2 weeks, colonies containing >50 cells were counted. Triplicate wells were prepared for each group of transfectants and the experiment was repeated twice.
Target gene prediction for miR-195. Putative miR-195 target genes and their target miRNA-binding site seed regions were predicted using the target prediction programs TargetScan (http://www.targetscan.org/) and microRNA.org (http://www. microrna.org/microrna/home.do).
Western blot. Huh7 cells were harvested 48 h after transfection and protein lysates were prepared according to the manufacturer's recommendations. Cell lysates were prepared with 1 ml RIPA Lysis Buffer (P0013B; Beyotime Institute of Biotechnology, Haimen, China ) with 10 µl phenylmethylsulfonyl fluoride (100 mM) (ST506; Beyotime Institute of Biotechnology). From each lysate, 30 µg proteins were separated by 10% SDS-polyacrylamide gel electrophoresis and then electrophoretically transferred to polyvinylidene fluoride membranes. Following blocking with 5% nonfat dry milk for 1 h at room temperature, immunoblotting was performed at 4˚C overnight with a diluted (1:2,000) polyclonal anti-AEG-1 antibody (#13860-1-AP; Proteintech, Wuhan, China), with a diluted (1:5,000) anti-GAPDH antibody (#10494-1-AP; Proteintech) used as an internal control. Subsequently, the membranes were incubated with secondary antibodies (1:4,000 dilution; #SA00001-2; Proteintech) for 1 h at room temperature. Band signals were visualized using an enhanced chemiluminescence kit (Pierce ECL Western Blotting Substrate; Thermo Fisher Scientific, Inc.).
Luciferase assays. A pMIR-REPORT miRNA Expression
Reporter Vector System (Thermo Fisher Scientific, Inc.) was used to verify the precise target of miR-195. The wild-type sequences of the AEG-1 3'-UTR (wt-AEG-1) and those with mutated miR-195 target sites (mut-AEG-1) were synthesized and ligated between the SpeI and HindIII restriction sites of the pMIR-REPORT Luciferase vector to establish the pLUC-wt-AEG-1 and pLUC-mut-AEG-1 vectors. The sequences of oligonucleotides are described in Table III . In 96-well plates, Huh7 cells were transiently cotransfected with 100 ng of pLUC-wt-AEG-1 or pLUC-mut-AEG-1, 13 ng of internal transfection efficiency control pMIR-REPORT β-galactosidase plasmid, as well as miR-195 mimics or miR-NC to a 50 nM final concentration, using 0.3 µl Lipofectamine 2000. At 24 h after transfection, luciferase and β-galactosidase activities were measured using a Dual-Light System (Applied Biosystems; Thermo Fisher Scientific, Inc.).
Lentivirus-based miR-195 overexpression.
In order to eluci date the role of miR-195 in vivo, a recombinant lentivirus (LV-miR-195) was constructed to generate stable gain-of-function of miR-195 in hepatoma cells. The recombinant lentivirus LV-miR-195 was prepared as previously described (10) . The negative control lentivirus was designated LV-miR-NC.
Tumorigenesis assay in nude mice. BALB/c athymic nude mice (male; age, 4-6 weeks; weight, 16-20 g) were purchased from Beijing HFK Bioscience Co., Ltd. (Beijing, China) and were bred in pathogen-free conditions. The mice were provided with sterile water and food, and were kept in the following environment: Room temperature, 26-28˚C; relative humidity, 40-60%; and daily light cycle, 10 h light:14 h dark. All animal experiments were approved by the Tongji Medical College Institutional Animal Care and Use Committee. Nude mice were randomly divided into two groups (n=6 for the LV-miR-NC group, and n=6 for the LV-miR-195 group), and 6x10 6 cells in phosphate-buffered saline were inoculated subcutaneously into the flanks of the nude mice. From the 10th day after inoculation, the length (L) and width (W) of the tumors were measured with vernier calipers every 4 days. Tumor volume (V) was calculated with the formula V = (L x W 2 ) x 0.5. Mice were sacrificed at the 30th day after inoculation.
Statistical analysis. Data are presented as the mean ± standard error from three separate experiments performed in triplicate, unless otherwise noted. Error bars indicate standard error. A Student's t-test was employed to evaluate the differences between groups, and P<0.05 was considered to indicate a statistically significant difference.
Results

miR-195 is downregulated in HCC cell lines and tissues.
Previously, we identified a specific aberrant miRNA expression profile in HCC by comparison of miRNA expression profiles in cancerous hepatocytes with normal primary human hepatocytes, and identified miR-195 as one of the most downregulated miRNAs in HCC (6) . In the present study, RT-qPCR was performed to further verify this result. First, the expression levels of miR-195 were detected in eight human hepatoma cell lines, including HepG2, Huh7, PLC/PRF/5, SMMC-7721, SK-HEP-1, MHCC-97H, MHCC-97L and Hep 3B, as well as in the normal human liver cell line L02. Generally, a marked reduction in the expression of miR-195 was observed in the cancer cell lines compared with the normal liver cell line (Fig. 1A) . In addition, among the eight HCC cell lines, the expression levels of miR-195 in HepG2, Huh7, PLC/PRF/5, MHCC-97H, MHCC-97L, SK-HEP-1 and Hep 3B were markedly lower than that of SMMC-7721 (Fig. 1A) . This result informs the selection of cell model for use in further research of miR-195 in HCC.
The expression level of miR-195 was further examined in 36 paired HCC and adjacent noncancerous liver tissues. Compared with the corresponding noncancerous tissues, the mean relative expression level of miR-195 was significantly decreased in HCC samples (P<0.05; Fig. 1B) . Additionally, the expression of miR-195 was inversely correlated with the expression of AEG-1, which is a potential target for miR-195 ( Fig. 1C and D) . These results indicated that the aberrant expression of miR-195 may be involved in the process of hepatocarcinogenesis and may provide insight into pathogenesis of HCC.
miR-195 decreases liver cancer cell growth and induces apoptosis. Sustained cell growth and proliferation is considered to contribute to cancer-associated mortality by disrupting the balance of growth promotion and growth limitation. To determine the function of miR-195 in HCC, a gain-of-function analysis was performed using miR-195 mimics or miRNA-NC (Fig. 2B) . Subsequently, the capacity of the cells for colony formation and anchorage-independent growth was regulators of carcinogenesis were searched using miRNA target prediction software (TargetScan and microRNA.org). Among the predicted target genes, AEG-1 was determined to be of interest as it is reported to have important roles in hepatocarcinogenesis (8) . RT-qPCR was performed to analyze the expression levels of AEG-1 in HCC tissues and adjacent noncancerous liver tissues, and the results demonstrated that AEG-1 was upregulated in HCC tissues (Fig. 1C) . Furthermore, an inverse correlation between the expression levels of miR-195 and AEG-1 was identified (Fig. 1D) . A luciferase reporter analysis, which was performed to determine whether AEG-1 mRNA contained a target site for miR-195, revealed that the cotransfection of miR-195 significantly inhibited the activity of the luciferase reporter construct containing the wild-type 3'-UTR of AEG-1, whereas this effect was abrogated when the predicted 3'-UTR binding site was mutated (Fig. 3A and B) . Additionally, the expression levels of AEG-1 mRNA and protein were significantly reduced in Huh7 cells transfected with miR-195 mimics compared with those transfected with miR-NC ( Fig. 3C and D) . These results indicate that the effect of miR-195 is partially due to its specific and direct interaction with the putative binding sites in the 3'-UTRs of AEG-1.
In our previous studies, we have silenced AEG-1 by RNAi to explore the role of this gene in HCC (6), demonstrating that specific knockdown of AEG-1 could inhibit cell proliferation and clonogenicity, and also induce apoptosis (6) , which phenocopied the effects of miR-195 overexpression in HCC cells. In the present study, whether AEG-1 could counteract the proliferation-inhibiting and apoptosis-promoting functions of miR-195 was investigated. An AEG-1 recombinant plasmid was constructed, which encoded the entire AEG-1 coding sequence but lacked the 3'-UTR of AEG-1 mRNA. Cotransfection of the AEG-1 plasmid and miR-195 in Huh7 cells efficiently restored AEG-1 expression with enhanced expression of miR-195 (Fig. 4A) , and partially reversed the antitumor effects induced by miR-195 ( Fig. 4B and C) . Taken together, these results suggest that miR-195 suppressed AEG-1 expression by binding directly to the 3'-UTR of AEG-1, and that the negative regulation of AEG-1 by miR-195 may contribute partially to the antitumor effects of miR-195 involved in HCC.
miR-195 inhibits tumor growth of hepatoma xenografts in nude mice.
To investigate the potential antitumor activity of miR-195 in vivo, the recombinant lentiviral vector LV-miR-195 and its matched negative control, LV-miR-NC, were constructed and transduced into Huh7 cells to induce the expression of miR-195 (Fig. 5A and B) . These lentiviral-transfected Huh7 cells were then injected 
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subcutaneously into athymic nude male mice (n=6 in each control and experimental group). Tumor sizes in the two groups were measured every 4 days from the 10th day after inoculation, and the results indicated that tumor growth in the LV-miR-195-transfected group was significantly reduced (Fig. 5C ). At 30 days after inoculation, all mice were sacrificed and the tumor volumes in the miR-195 group were 47.4% of that of the control (P<0.05; Fig. 5D ). These results suggest that miR-195 inhibits tumorigenesis in vivo.
Discussion
Accumulating evidence has indicated that miRNAs are aberrantly expressed in numerous types of human cancer (11) . Furthermore, miRNA expression signatures of HCC have been reported by a number of researchers (6, 12, 13) . Our group also reported 37 differentially expressed miRNAs between cancerous hepatocytes and normal primary human hepatocytes based on expression profiles (6). miR-195 was one of the aberrantly expressed miRNAs that was significantly downregulated in HCC. In the current study, miR-195 was further confirmed to be significantly suppressed in HCC tissues. These results are in agreement with those previously reported (14, 15) . The detection of miR-195 expression in various cell lines in the present study indicated that miR-195 was also significantly suppressed in the 8 hepatoma cell lines compared with the normal liver cell line. These results provide reference for the selection of cell models to be used in further research of miR-195 in HCC.
The mechanism underlying miR-195 dysregulation in HCC remains elusive. In our previous study, the preliminary data and bioinformatics analysis suggested that DNA methylation may play an important and complex role in the regulation of miR-195 expression in HCC, which may provide insight into the mechanism underlying miR-195 dysregulation in HCC (16) .
Sustaining proliferation and evading apoptosis are hallmarks of malignant tumors, and the aberrant expression of miRNAs has been implicated in the regulation of various cellular processes that are often dysregulated during the initiation and progression of HCC (2, 11) . For instance, the upregulation of miR-221 in HCC augments cell proliferation, colony formation and invasion, and increases the number of cells in S phase, as well as inhibiting cell apoptosis (17) . miR-199a/b-3p was reported to be downregulated in HCC and restoration of its expression could target tumor-promoting P21 (RAC1)-activated kinase 4 (PAK4) to suppress HCC growth through inhibiting the PAK4/Raf/MEK/ERK pathway, in vitro and in vivo (4) . In the present study, it was demonstrated that miR-195 could inhibit proliferation and colony-formation by HCC cells, as well as induce apoptosis in vitro. Furthermore, miR-195 suppressed tumorigenesis of Huh7 subcutaneous xenografts in a nude mouse tumor model. This research indicate that miR-195 functions as a tumor suppressor in HCC, in vivo and in vitro.
AEG-1 gene is always amplified in patients with HCC and serves key role in regulating hepatocarcinogenesis (8) . The molecular mechanisms mediating the oncogenic properties of AEG-1 involve proliferation, apoptosis, metastasis, angiogenesis and chemoresistance. AEG-1 is a downstream gene of the oncogenic Ha-Ras pathway, being transcriptionally regulated by c-Myc upon Ha-Ras and phosphoinositide 3-kinase (PI3K) activation (8) . Overexpression of AEG-1 activates the PI3K/Akt, nuclear factor-κB, and Wnt/β-catenin signaling pathways (8) . Our data also documented that AEG-1 was overexpressed in HCC tissues compared with the corresponding normal liver tissues. Furthermore, an inverse correlation was observed between miR-195 and AEG-1 expression in HCC tissues for the first time. miR-195 was shown to suppress AEG-1 expression by directly binding to the 3'-UTR of AEG-1. To the best of our knowledge, AEG-1 as a direct target gene of miR-195 has not been reported previously. Furthermore, restoration of AEG-1 could partially reverse the antitumor effects induced by miR-195. Theoretically, downregulation of miR-195 should, at least partially, contribute to the increased expression of AEG-1 in HCC as an alternative mechanism.
The function of miR-195 has already been investigated in several distinct cancer types, such as non-small cell lung cancer (18, 19) , bladder cancer (20, 21) , breast cancer (22, 23) , colorectal cancer (24) and HCC (25) (26) (27) . To date, 17 genes, including PCMT1, SRC-3, CCND1, CCNE1, CDC25A, CCND3, CDK4, CDK6, E2F3, BTRC, IKKα, TAB3, VEGF, VAV2, CDC42, LATS2 and BCL-w, have been identified as targets of miR-195 in HCC (14, 15, (25) (26) (27) (28) (29) (30) . miR-195 has also been implicated in various biological processes of HCC, including cell cycle (14, 28) , proliferation (25, 29) , apoptosis (26) , drug resistance (30), angiogenesis (15) and metastasis (15, 25) . The reported targets of miR-195 and our observations suggest that miR-195 may regulate multiple signaling pathways, and that loss of miR-195 could lead to tumor progression in HCC.
In summary, the present study investigated the potential role of miR-195 in HCC tumorigenesis and found that miR-195 negatively regulates oncogenic AEG-1 and inhibits hepatoma cell proliferation and tumor growth in vitro and in vivo. These data suggest an important role of miR-195 in the molecular etiology of HCC and indicate a potential application of miR-195 in cancer therapy.
